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Coexistence of long-ranged charge and orbital order and spin-glass 
state in single-layered manganites with weak quenched disorder 
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PACS 71 . 27 . +a - Strongly correlated electron systems 

PACS 75 . 47 . -m - Magnetotransport phenomena 

PACS 75 . 50 . Lk - Spin glasses and other random magnets 

Abstract. - The relationship between orbital and spin degrees of freedom in the single-crystals 
of the hole-doped Pri-^Cai+^MnCi, 0.3 < x < 0.7, has been investigated by means of ac- 
magnetometry and charge transport. We show that in an intermediate underdoped region, with 
0.35 < x < 0.5, the "orbital-master spin-slave" relationship commonly observed in half-doped 
manganites does not take place. The long-ranged charge-orbital order is not accompanied by an 
antiferromagnetic transition at low temperatures, but by a frustrated short-ranged magnetic state 
bringing forth a spin-glass phase. We discuss in detail the nature and origin of this true spin-glass 
state, which, as in the half-doped manganites with large quenched disorder, is not related to the 
macroscopic phase separation observed in crystals with minor defects or impurities. 



The strong coupling among spin, charge, orbital, and 
lattice degrees of freedom [1] is a key ingredient for the 
colossal magnctorcsistive (CMR) properties of manganese 
oxides. For example, the observation of the CMR effect 
■ in hole-doped Ri- x A x Mn03 manganites (R and A being 
rare earth and alkaline earth ions, respectively) is not 
only determined by the one-electron bandwidth W , but 
also by the degree of quenched disorder [2]. Depending 
on the radii of the R and A cations, the ferromagnetic 
(FM) metallic phase, or the charge- and orbital-ordered 
(CO-OO) phase can be stabilised [3]. Phase diagrams 
in the plane of (the average ionic radius, related 
to W ) and a 1 (the ionic radius variance, measuring 
the disorder), or bandwidth-disorder phase diagrams, 
have been established for nearly half-doped perovskite 
manganites [3], with a three-dimensional (3D) Mn — O 
network, as well as half-doped single-layered manganites 
with a two-dimensional (2D) Mn — O network [4]. 
Considering only the low-bandwidth region for the 3D 



pcrovskites, both phase diagrams only contain two 
regions, with long-ranged and short-ranged CO-00 
order respectively [3,4]. An "orbital-master spin-slave" 
relationship exists between these two degrees of freedom 
for the manganites with strong Jahn- Teller coupling. 
The long-ranged CO-00 state, usually described in 



terms of staggered 3x 



and 3y 



i " 2 orbitals, is 



accompanied by a long-ranged CE-type antiferromagnetic 
(AFM) structure, composed of ferromagnetic zig-zag 
chains antiferromagnetically coupled with each other 
in the a6-plane [5] (see the lower panels of Fig. [5] for a 
schematic view of the orbital-spin arrangement). The 
short-ranged CO-00 state, or CE-glass state [4,6], is 
instead accompanied by a short-ranged spin-glass (SG) 
state [7,8]. In 3D, the CO-00 collapses in a first-order 
manner, while in 2D the disappearance of the CO-00 
state is more gradual [4,9]. The observed SG state is 
associated with the glassy state of the orbital sector rather 
than with magnetic inhomogeneity or micrometer-scale 
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phase separation [7,8]. In any case, the phenomenon of 
macroscopic phase separation [10,11] does not occur [3,4]. 

In the present letter, we have investigated the magnetic 
and electrical properties of high-quality single crystals of 
the single layered Pr 1 _ x Cai +a; Mn04, (0.3 < x < 0.7) with 
weak quenched disorder. Even though there is no cation 
ordering on the A-site, the quenched disorder is extremely 
weak in this system due to the very similar ionic size 
of Pr 3+ and Ca 2+ . We have observed the asymmetric 
response of the orbital and spin sectors of the system to 
excess/deficiency of holes with respect to the half-doping 
case (x=0.5). The long-ranged CO-00 state observed 
for x=0.5 is rearranged to accommodate additional holes 
(over-doping, x > 0.5), while it is weakened by the 
presence of additional electrons (under-doping, x < 0.5) 
and eventually vanishes at x=0.3. In the 0.35 < x < 
0.5 range, the extra localised electrons introduce some 
frustration in the magnetic structure, ultimately yielding 
the formation of a SG state at low temperatures, while 
the CO-00 remains long-ranged. Hence interestingly, 
our results imply that the relationship of spin and orbital 
degrees of freedom is different than that of the half-doped 
case. We discuss in detail this relationship, which is 
not related to the phenomenon of macroscopic phase 
separation, in the light of recent electron diffraction 
studies. 

High quality single crystals of the A-site solid-solution 
Pri_ x Cai+ x Mn04 (PCMO) manganitcs were grown by 
the floating zone method, with the hole doping level x 
varying from cc=0.3 to 0.7 in steps of 0.05. The quenched 
disorder inherent to the solid solution of Pr 3+ /Ca 2+ 
ions on the A-sites is kept minimum, as both ions are 
very similar in size. The degree of disorder does not 
change significantly with x, with a 2 only varying from 
2.27xl0~ 7 A 2 to 1.27xlO~ 7 A 2 as x varies from 0.3 to 
0.7. In comparison, a 2 amounts to 1.65xl0 _3 A 2 in the 
well known Lao.5Sri. 5 Mn04 showing the long-ranged CO- 
OO [9], and 6.77xlO" 3 A 2 in the Eu . 5 Sri. 5 MnO4 XY spin 
glass [7, 9] . The phase-purity of the crystals was checked 
by x-ray diffraction and the cation concentrations of the 
crystals was confirmed by inductively coupled plasma 
(ICP) spectroscopy. The ac-susceptibility x( u = 27r/) 
data was recorded as a function of the temperature T 
and frequency / on a MPMSXL SQUID magnetometer 
equipped with the ultra low-field option (low frequencies) 
and a PPMS6000 (higher frequencies), after carefully 
zeroing or compensating the background magnetic fields 
of the systems. Additional phase corrections were 
performed for some frequencies. The resistivity p of 
the crystals was measured using a standard four-probe 
method on a PPMS6000, feeding the electrical current 
in the a6-plane. The heat capacity C was recorded us- 
ing a relaxation method on the same measurement system. 

The half-doped single-layered manganites with small 




T(K) T(K) 



Fig. 1: Left: Temperature dependence of the in-phase compo- 
nent of the ac-susceptibility \ x' for the crystal with £=0.55, 
identifying Tco-oo, Tg(ab), and Tn (see main text). Right: 
Temperature dependence of the heat capacity C (as C/T) and 
electrical resistivity p for the crystal with x=0.65. 

quenched disorder such as Pri_ :E Cai +a ;Mn04 undergo 
a CO-00 phase transition above room temperature, 
accompanied by an antifcrromagnetic phase transition 
at lower temperatures. Overdoped Pri_^Cai+a;Mn04 
crystals, with x > 0.5, show similar magnetic and orbital 
states. As in the half-doped case [4], the ac-susceptibility 
X 1 of the overdoped PCMO crystals exhibits a sharp peak 
arising from the quenching of the FM spin fluctuation 
below Tco-oo ~ 310-330K depending on x (see left 
panel of Fig. Q]). At lower temperatures, near 200K, a 
broader peak is observed. This broader peak does not 
correspond to Tn for long-range AFM spin order, which 
is ~ 120-130K in these crystals [12]. An inflection, more 
clearly seen in the T-derivative of x'(T) (see below), can 
been seen in the vicinity of these temperatures, and is 
thus identified as Tn- The high-temperature broad peak 
likely stems from the short-range AFM correlation devel- 
oping in the basal planes of the structure, and is labelled 
T s *(a6) [4]. Electron diffraction (ED) studies in Rcf. [4] 
indicate a gradual atomic displacement in the 160-220K 
range, which has also been reported in polycrystallinc 
PCMO samples [14]. However, it is unlikely that T s *(a&) 
is related to this gradual structural rearrangement as 
Tg (ab) is rather independent of the size of the R cation 
in i?o.5Cai.5Mn04 [4], while the structural rearrangement 
occurs at higher temperatures when the ionic radius of 
R decreases (e.g. in the 250-290K temperature range for 
R=Sm; see also Ref. [15]). The temperature dependence 
of the heat capacity and resistivity of the half- and over- 
doped crystals is similar to the one depicted in the right 
panel of Fig.[T]for £=0.65. No clear feature is observed in 
the vicinity of Tn, nor Tg (ab), while the characteristic in- 
flection in the resistivity curves occurs near Tco-oo [15]. 
In half-doped perovskite manganitcs with small band- 
width, such as i?o.5Cao.5Mn03 (i?=Pr, Sm, etc.), the 



p-2 



Charge and orbital order and spin-glass state in single-layered manganitcs 



x 10 

' h=40e//ab ' 

f=1 70,1 7,1. 7Hz x1Cf 4 




T(K) x=0.65 



Fig. 2: Temperature dependence of the in-phase component 
of the ac-susceptibility x' f° r selected crystals. The ac field is 
applied in the afe-plane with h (field amplitude) = 4 Oe and 
/ (frequency) = 170, 17, and 1.7 Hz. The inset shows the T- 
and /-dependence of the out-of-phase component x" f° r £=0.3 
with the ac field applied in and perpendicular to the afe-plane. 

CO-00 order and the resulting AFM ordering also occur 
at different temperatures. However, the AFM transi- 
tion temperature is more easily identified in that case [16]. 

In the undcrdopcd crystals, the Tco-oo peak in the 
x' — T curves becomes broader and broader as x decreases, 
until it vanishes for x < 0.35, as shown in Fig. [2l As seen 
in that figure, the susceptibility globally increases as x 
decreases, and a SG-like frequency dependent cusp ap- 
pears at low temperatures. Below £=0.4, the anomalies 
in the magnetisation are broader, and it is difficult to as- 
sert the long- or short-range character of the CO-OO. The 
susceptibility curves of the crystal with £=0.3 are essen- 
tially featureless down to 50K. The susceptibility curves 
recorded with an out-of-plane magnetic field display a sim- 
ilar temperature dependence, except that the SG-like cusp 
becomes stronger as x decreases. As seen in the inset of 
Fig. [21 the SG-like cusp is essentially only seen in the in- 
direction for x — 0.3. Although no anomaly is discernible 
in the susceptibility curves, ED patterns and real-space 
images reveal the long-ranged CO-00 for all underdoped 
crystals with x > 0.35, and the short-ranged CO-00 of 
;r=0.3 [15]. 

In order to investigate in more detail the magnetic prop- 
erties of the underdoped crystals, we have plotted in Fig. [3] 
the temperature derivative of x' for the underdoped crys- 
tals, dx'/dT. For £=0.5 and 0.55, the above mentioned 
features of the susceptibility are clearly evidenced; two 
maxima in x' or peaks corresponding to d\' / dT=Q near 



325-330K and 200K, respectively. While the slope of 
dx' /dT(T) at the former extremum is very large (defin- 
ing a sharp Tco-oo peak), it is moderate at the latter 
one, as only a broad peak is observed near T§(ab). The 
tiny inflection observed in the x' — T curves is more clearly 
observed in the dx'/dT curves, which accordingly show a 
maximum near 120K (sec Fig. [3]). As discussed above, 
we consider that this inflection marks Tn- While the 
sharp Tco-oo peak is observed down to £=0.4, the broad 
Tg (ab) peak and the Tn inflection are not observed below 
£=0.5, which suggests that while the CO-00 is still long- 
ranged, the magnetic ordering becomes short-ranged. The 
low-temperature increase in the ac-susceptibility associ- 
ated with the SG-like cups in the underdoped crystals may 
also mask the inflection marking Tn in the x'(T) curves. 
The absence of long-ranged AFM will be confirmed by 
diffraction techniques [12]. Nevertheless, we show in the 
following that a true SG phase transition occurs in the un- 
dcrdopcd crystals at low temperatures, which implies that 
any intermediate long-ranged AFM state would be frus- 
trated, and exhibit non-equilibrium dynamical features 
characteristic of SG [13]. As illustrated in the inset of 
Fig. [5] for £=0.3, and suggested by the comparison of the 
dx'/dT data for different orientation of the magnetic field 
for £=0.4 in Fig.[3j the SG-like cusp is stronger (and the 
overall susceptibility larger) when the magnetic field in 
applied perpendicularly to the a6-plane. 




T(K) 

Fig. 3: Temperature dependence of the temperature-derivative 
d/dT of the in-phase component of the ac-susceptibility x' for 
the half- and underdoped crystals. The data for x = 0.55, rep- 
resentative of the overdoped crystals, is included (continuous 
line) for reference. The ac field was applied in the ab plane. 
Data for the ac field perpendicular to the ab plane is added in 
open symbols for comparison for x — 0.4. 

The out-of-phase component \" 1S negligible at all 
temperatures for £ > 0.5. A significant x" appears 
however at low temperatures for x < 0.5. As shown in 
Fig. |U a frequency-dependent peak is observed in the 
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Fig. 4: Temperature dependence of the out-of-phase compo- 
nent of the ac-susceptibility x" f° r the crystal with x—0.4 for 
different frequencies. The left inset illustrates the spin glass- 
like relaxation of x" with the time t while the right inset shows 
the result of a dynamical scaling of the (T, t) freezing data ex- 
tracted from the susceptibility curves displayed in the main 
frame (see footnote [18]). 



temperature range where a cusp is observed in the x' ~ T 
curves. Below this peak, a SG-like relaxation is observed, 
as illustrated in the left inset. The low- frequency x" de- 
creases with increasing time t at a constant temperature, 
reflecting the aging process, i.e. the rearrangement of the 
spin configuration toward the equilibrium state at that 
temperature [17,19]. A dynamical scaling analysis [18,19] 
indicates that the system undergoes a SG phase tran- 
sition at T g — 24K, with critical exponents similar to 
those of 3D Ising spin glasses [7, 17], and a flipping 
time of the fluctuating entities To close to that of the 
microscopic spin flip time (10 -13 s). Hence this SG state 
is three-dimensional, and nearly atomic. This means that 
the low-temperature magnetic state is homogeneously 
disordered down to the nanometer scale. The orbital 
order of PCMO is rather three-dimensional [12], which 
may explain the three-dimensional and isotropic character 
of the SG state observed in the underdoped crystals. In 
i?o.5Sr! 5 Mn04 with two-dimensional orbital order, the 
long-ranged CO-00 state observed for i?=La is gradually 
replaced by a CE-glass state yielding an anisotropic, XY 
SG state, for i?=Eu [7]. In the other PCMO crystals with 
x < 0.45, SG phase transitions with critical exponents 
similar to those of the crystal with x=0A occur, and 
T g increases as x decreases [20]. In the case of x=0.45, 
only glassiness, i.e. spin-glass features such as aging, are 
observed, but no phase transition. 



We summarise these findings in the electronic phase di- 
agram presented in Fig. [5] The phase transition temper- 
atures Tco-oOi Ttn, and T g are indicated as well as the 



onsets of the short-ranged orbital (T* , estimated from the 
ED; see Ref. [15]) and magnetic (T^(ab)) correlation and 
the non-equilibrium dynamics (Tf). Three regions can be 
distinguished, for x < 0.35, 0.35 < x < 0.5, and x > 0.5. In 
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Fig. 5: Upper panel: Electronic phase diagram for all crys- 
tals. The open symbols mark the onsets of the short-ranged 
orbital (T*, estimated from the ED; see Ref. [15]) and mag- 
netic (Tg (ab)) correlation, and of the non-equilibrium dynam- 
ics (Tf). Lower panels: schematic representation of the charge- 
and orbital ordered states of underdoped (x <0.5), half-doped 
(a;=0.5) and overdoped (x >0.5) crystals, showing the magnetic 
arrangement within the zig-zag chains of the CE-type magnetic 
structure. The orbital order involves staggered 3x 2 —r 2 / 3y 2 —r 2 
orbitals of the e s -like electrons of Mn 3+ , represented as green 
(dark gray) lobes in the figure. The spins, represented with 
red (dark gray) arrows, order ferromagnetically along zig-zag 
chains, a fragment of which is highlighted in light green (light 
gray) in the figure. The squares in the x—0.5 panel represent 
the magnetic (continuous line) and /4/mmm (dashed line) unit 
cells respectively. 

the latter region, the CO-00 state is long-ranged, with a 
similar Xco-oo, and the AFM transition occurs at lower 
temperatures (see Fig. [5]). With increasing x from 0.5, 
the CO-00 configuration depicted in the middle panel of 
the lower part of Fig.[5]is rearranged to accommodate the 
extra holes, as observed in the optical spectra of these 
manganites [21] and the i-dependence of the modulation 
wave vector of the CO-OO; q = 1 — x [15] (q is expressed 
in unit of the reciprocal lattice vector) . An example of the 
orbital-spin configuration in that case is shown in the right 
panel (x=2/3). The accommodation of the holes within 



p-4 



Charge and orbital order and spin-glass state in single-layered manganitcs 



the CO-00 phase has also been observed in EuBaMi^Og 
perovskites with no quenched disorder [22] as well as in 
single-layered systems with a fairly large quenched disor- 
der, as Lai_ a; Sr 1+;c Mn04 [23] (a 2 ~ 1.7xl0" 3 A 2 ). 

In the underdopcd region, T CO -oo decreases sharply as 
the CO-00 state is weakened. ED studies show that the 
modulation wave vector of the CO-00 remains close to 
that of the x~0.5 crystal, with the commensurate value of 
q=0.5 [15], indicating that the half-doped CO-00 config- 
uration depicted in the middle panel in the lower part of 
Fig. [5] remains as extra electrons are added, in contrary 
to the overdoped case. Interestingly, while the orbital 
sector is long-ranged, the spin sector appears to remain 
short-ranged, as some frustration is introduced in the spin 
structure with these additional localised electrons locally 
affecting the magnetic interaction within the CE zig-zag 
chains (ultimately yielding the apperance of a SG state at 
low temperatures). In the x < 0.35 regions, only short- 
ranged orbital (CE-glass) and magnetic (SG) correlation 
is observed. The x > 0.5 and x < 0.35 regions are similar 
to the two regions with long-ranged, resp. short-ranged, 
CO-00 order in the bandwidth-disorder phase diagram of 
the single-layered manganites [4]. 

An intermediate region, with 0.35 < x < 0.5, exists, 
where the long-ranged CO-00 is not accompanied 
by a long-range (AFM) magnetic state. Instead, a 
frustrated/short-range magnetic state is observed below 
Tco-oo- As shown in the above, this SG state is 
homogeneous down to the nanometer scale and is thus 
not related to the so-called macroscopic phase separation 
often observed in polycristalline samples or some single- 
crystals. Usually this macroscopic phase separation is 
observed when defects or impurities hinder the long-range 
CO-00 [10, 11] (the CO-00 correlation length thus 
becomes finite). For example in the phase-separated 
Cr-doped Ndo.sCao.sMnOa [11], Cr ions randomly replace 
Mn sites. Cr 3+ has the same electronic configuration 
as Mn 4+ , with no e g electron. Cr 3+ replacing Mn 3+ 
strongly affects the CO-00 as the substitution yield 
an immobile e g orbital deficiency [11]. However in the 
present under-doping Mn 3+ replaces some Mn 4+ , 

the long-ranged orbital order is preserved, as only a 
"passive" electron/orbital is added. As exemplified in 
the left inset in the lower part of Fig. the associated 
super-exchange interaction locally affects the magnetic 
coupling yielding the magnetic frustration. In the above 
mentioned EuBaM^Oe, CO-00 rearrangements specific 
to these A-site ordered structures as well as ferromag- 
nctism are observed. Thus the electronic phase diagram 
of these manganites with no quenched disorder display 
an asymmetry with respect to over- and under- hole 
doping [22] similar to that observed in Pi'i-zCai+^MnO^ 
Hence the relation of the order-disorder phenomena in 
the charge-orbital and spin sectors of manganites to the 
hole doping level appears rather universal. 

To conclude, we have investigated the effect of un- 



der and over hole doping on the magnetic and charge- 
orbital states of Pri_ K Cai+ 2 -Mn04 single-crystals with 
weak quenched disorder. We have established the elec- 
tronic phase diagram of Pr 1 _, c Cai +:E Mn04 as a function 
of the hole doping level x. This asymmetric phase diagram 
contain a region (0.35 < x < 0.5) within which the long- 
ranged charge-orbital order is not associated with a long- 
ranged antifcrromagnctic state, but a short-ranged mag- 
netic arrangement exhibiting glassy features. We have dis- 
cussed the origin of this frustrated magnetic state, which 
arises from the presence of passive e g orbitals locally 
favouring the antiferromagnetic super-exchange interac- 
tion instead of the ferromagnetic double exchange assuring 
the conductivity and ferromagnetic arrangement of each 
zig-zag chain of the C-E-type structure. As for mangan- 
ites with significant quenched disorder, the macroscopic 
phase separation stemming from the presence of local e g 
orbital deficiencies was not observed. 
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